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(57) ABSTRACT 

A filter for injecting data dependent jitter and level noise into 
a digital data Signal with a given data rate reacts on a step 
function with a step response showing after a first increase 
or decrease a Substantial extreme value, Such as a minimum 
or a maximum, of opposite direction than the first increase 
or decrease. The temporal occurrence of the Substantial 
extreme value with respect to the Step function is Substan 
tially in the range of the given data rate. 

12 Claims, 10 Drawing Sheets 

  



US 6,961,745 B2 Sheet 1 of 10 Nov. 1, 2005 

- - - - - - - - - - - - - - - - - - - a - - - - - - - 

U.S. Patent 

Av 
y. 
s 

Fig. 1 

  

  



U.S. Patent Nov. 1, 2005 Sheet 2 of 10 US 6,961,745 B2 

  



U.S. Patent Nov. 1, 2005 Sheet 3 of 10 US 6,961,745 B2 

N+K 
Fig. 2e 

Fig. 2f 

  

  



US 6,961,745 B2 U.S. Patent 

  



U.S. Patent Nov. 1, 2005 Sheet 5 of 10 US 6,961,745 B2 
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FILTER FOR INJECTING DATA 
DEPENDENT JITTER AND LEVEL NOISE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to testing data transmission 
in and with digital circuits. 

2. Discussion of the Background Art 
High-speed IO (input/output) interfaces embedded into 

today's communication devices approach Terabit band 
width. The architecture allowing this bandwidth boost is 
based on a parallel arrangement of Serializer/deserializer 
cells running at data rates of Several Gigabit per Second and 
performing an independent Serial data transmission on each 
lane in parallel (SerDes multilane interface). However, eco 
nomic production testing of Such interfaces imposes a Sig 
nificant challenge. Instrument based Solutions are costly and 
Slow and the test approach of using a simple loopback 
between transmit and receive portion of the SerDes does not 
cover faults resulting from data Signals exposed to jitter and 
level noise. 

SUMMARY OF THE INVENTION 

It is an object of the invention to improve the test 
methodology for cost efficiently testing devices e.g. with 
embedded high-speed IO interfaces. The object is solved by 
the independent claims. Preferred embodiments are shown 
by the dependent claims. 
A filter is provided for injecting data dependent jitter and 

level noise into a digital data Signal with a given data rate. 
The filter reacts on a step function with a step response 
showing after a first increase or decrease a Substantial 
extreme value, Such as a minimum or a maximum, of 
opposite direction than the first increase or decrease. The 
temporal occurrence of the Substantial extreme value with 
respect to the Step function is Substantially in the range of the 
given data rate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and many of the attendant advantages of the 
present invention will be readily appreciated and become 
better understood by reference to the following detailed 
description when considering in connection with the accom 
panied drawings. Features that are Substantially or function 
ally equal or similar will be referred to with the same 
reference sign(s). 

FIGS. 1, 2a-f, 3a–b, 4a–b, 5a-b and 6 illustrate the 
principles for jitter injection according to the present inven 
tion. 

FIG. 7 shows an application example for the inventive 
jitter injection filtering. 

FIG. 8 shows a preferred embodiment for a jitter injection 
filter, and 

FIGS. 9-11 illustrate the behavior of the filter of FIG. 8. 

DESCRIPTION OF THE INVENTION 

The invention is based on the finding that jitter will be 
injected into a data signal 1 (upper part of FIG. 1) under the 
influence of passive components or devices, thus represent 
ing a passive linear filter injecting data dependent jitter. The 
effect of jitter injection shall now be explained in detail for 
higher-order filters (i.e. filters of at least Second order). 
However, it is clear that the effect of jitter injection already 
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2 
occurs with first order filters although less controllable and 
in particular leSS Suitable for adjusting the behavior to the 
data rate of the data Signal 1. Also, other filter types can be 
used accordingly, Such as non-linear or active filters, how 
ever might be subject to limited usability only for lower 
frequency applications. 

In a preferred embodiment as shown in the lower part 
FIG. 1, a filter 20 (see preferred embodiment of filter 20 in 
FIGS. 7 and 8) of reacts with a step response 2 to a step 
Signal having a finite rise time. The Step response 2 shows 
the following characteristics: A dominant negative peak D 
follows an initial rising edge B of the data Signal 1. The 
occurrence of a relative minimum C of the dominant nega 
tive peak D is preferably adjusted that it substantially 
matches with a bit interval time A of the data signal 1. The 
relative minimum C shows an amplitude drop of AV with 
respect to the amplitude or the Step response 2 in its Steady 
State. After the dominant negative peak D, a ripple or 
oscillation E of smaller amplitude may follow but is of no 
importance to the invention. 
The filter Step response 2 causes jitter injection into the 

data Signal 1 due to Superimposition of Subsequent Step 
responses. The positive or negative StepS representing the 
individual digital bits in the data Signal 1 cause the Super 
imposed Step responses. Jitter is induced at the logic thresh 
old of the decision circuit that evaluates the bit values in the 
data Signal output from the jitter injection filter. 

FIGS. 2a–f show schematically how Superimposition of 
Subsequent Step responses of opposite polarity is used to 
induce the jitter. For the Sake of better understanding, the 
dominant negative peak D shall be matched to the bit 
interval time A, So that the relative minimum C occurs after 
the bit interval time A. Thus, the full amplitude drop of AV 
can be utilized for jitter injection. It is clear that variations 
of the relative minimum C away from the bit interval time 
A will also lead to jitter injection, however not utilizing the 
full possible range of the amplitude drop of AV. 

FIG. 2a ShowS Schematically a Step response N to a 
positive Step related to a bit n. The dominant negative peak 
D causes the relative minimum C. FIG. 2b show a step 
response N+1 to a negative Step related to a Successive bit 
n+1 of opposite logic value occurring one bit interval time 
At (corresponding to the data rate A of the data signal 1) later 
than the bit n. The Superimposition of both step responses N 
and N+1 is shown in FIG. 2c. The peak with relative 
minimum C of Step response N and the falling edge in the 
negative Step N+1 become Superimposed in a way that the 
falling edge of the resulting Signal is displaced to a lower 
amplitude by exactly the Size AV of the dominant negative 
peak D at the time of its crossing of a threshold T. Due to the 
limited transition time of the edges in the data Signal 1, the 
amplitude displacement AV is translated into a time dis 
placement AJ. The displacement AJ represents a time offset 
with respect to the desired threshold crossing time. 
A time offset does not occur when the positive step N of 

bit n is followed by many bits of same value before a bit of 
opposite value causes a negative Step (as shown in FIGS. 
2df). In this case the step response N of bit n can settle to 
its final value before the negative step occurs. FIG. 2d shows 
again (as in FIG. 2a) the positive step N of bit n with the 
dominant negative peak and its relative minimum C. FIG.2e 
shows the Step response N+K to a negative Step n+k occur 
ring Kbits later than bit n and without a bit value change in 
between. FIG. 2f shows the Superimposition of both step 
responses N and N--K. A peak in the step response N of the 
previous bit n does not displace the falling edge of the 
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negative Step N+K at that time. Therefore the resulting 
falling edge causes the crossing of threshold T at the 
expected bit time. 

In real data Signals with random content, the run length of 
bits with Same values varies, So that Superimpositions 
between the two extrema of the case described in FIGS. 
2a-C (fast toggling of bit values, short run length) and the 
case described in FIGS. 2d f (slow toggling of bit values, 
long run length) occur. Run lengths allowing only partial 
Settling of the Step response thus represent intermediate 
cases with time offsets of less than AJ. 

Thus, the generated negative peak (D) with its size AV 
results in the maximum amplitude AJ of the injected jitter. 
As will be described later, this implies that also a controlled 
amount of level noise will be injected Simultaneously Such 
that a so-called data eye (see FIGS. 3a–b) of the resulting 
signal will not only be closed horizontally but also vertically 
in a very controlled way. 

FIGS. 3a–b illustrate the consequence of the inventive 
injection mechanism using the So-called eye diagram rep 
resentation. A data eye diagram is derived by an overlay of 
Several (and preferably all) step responses caused by several 
(and preferably all) bits in a data sequence (Such as data 
Signal 1). Eye diagrams are well known in the art and need 
not be further specified here. 

FIG. 3a depicts a typical Schematic eye diagram for an 
unfiltered data signal. The eye diagram of FIG. 3a shows a 
large inner open eye area F1 where the logical value of a bit 
can be determined without error. FIG. 3b shows a schematic 
eye diagram for a data Signal filtered with the filter in 
accordance to the above said. The eye diagram of FIG. 3b 
shows a significantly reduced inner eye area F2 where the 
logical value of a bit can be determined without error. This 
inner area can be precisely controlled with the parameter of 
the negative dominant peak size AV. 

The boundary of the inner eye F2 is limited to the left and 
to the right by the injected jitter A.J. Another important effect 
is that level noise equivalent to the size AV of the dominant 
negative peak D is injected (see FIG. 3b). This is the result 
of the fact that each positive Step generates a relative 
minimum C. When more bits of the same values follow (i.e. 
bits at the data rate At), that causes the upper inner eye 
boundary to close at that level AV. The same applies for 
negative Steps, So that the lower boundary of the inner eye 
also closes with AV. Therefore the inner eye area is also 
closed vertically in a very controlled way. 
A jitter injection filter of a preferred embodiment is of 

Second order. Thus, the jitter injection filter can be obtained 
with leSS as possible filter complexity, e.g. for economic 
reasons, ease of technical implementation and control. The 
jitter injection filter Synthesis is deduced from the descrip 
tion of a Second order System in the frequency domain: 

(S-31) (S-32) S+ aS+ 1 ... -- - = K. --- S = O - ico 
(S - p1). (S - p2) S2 + BS + 1 

In this formula, Z and Z represent the ZeroS and p and 
p represent the poles. Constants C. and f visualize the 
location of Zeros indicated with O and the poles indicated 
with X on the unit circle in the normalized complex fre 
quency domain (FIG. 4a). Varying the constant C. between 0 
and 2 generates conjugate complex poles and Zeros and 
moves the pole p from the point S=0+i1 (R) to point 
S=-1+i0 (Q) and pole p from the point S=0-i1 (T) to point 
S=-1+i 0. The same applies to the Zeros Z and Z. when 
varying B from 0 to 2. 

5 

15 

25 

35 

40 

45 

50 

55 

60 

65 

4 
Another important case of pole Zero location is shown in 

FIG. 4b. When varying the constant B between 2 and 
positive infinity, both poles are located on the real axis and 
the pole p is moved from point Q towards the origin 0+i0, 
and pole p is moved on the real axis towards negative 
infinity -OC+i0. 
A preferred embodiment of the second order filter is 

obtained either when both Zeros are located on the unit circle 
and are closer to the imaginary axis than the poles (FIG. 4a), 
or when the Zeros are located on the unit circle while having 
the poles on the real axis (FIG. 4b). In this preferred 
embodiment, the location of poles and Zeros are intention 
ally under control to adjust horizontal and Vertical eye 
closure and allow adaptation to a given data rate. 
AS a result of the pole-Zero configuration shown in FIG. 

4a, the preferred filter of Second order reacts upon a step 
function in the data Signal with a step response shown in 
FIG.5a. As a result of the pole-zero configuration shown in 
FIG. 4b, the filter reacts upon a step function in the data 
signal with a step response shown in FIG. 5b. In both cases 
the criteria of having a dominant negative peak D with a 
relative minimum C after the initial rising edge B described 
in FIG. 1 are fulfilled. In case of the two conjugate complex 
poles, a damped oscillation results with Several minima and 
maxima before reaching the Steady State, as shown in FIG. 
5a. The first dominant negative peak D with minimum C is 
the important peak for amplitude reduction in case of the 
oscillating Step response. In case of two real poles it is a 
Short-term amplitude reduction (peak) with a single mini 
mum C before asymptotically approaching the Steady State, 
as shown in FIG. 5b. It is the result of two superimposed 
exponential functions generated from the different locations 
of the poles on the real axis. 

FIG. 6 shows the result of the pole-zero configuration of 
the preferred embodiment of the filter in the frequency 
domain. It shows a band rejection or notch filter operation in 
the magnitude characteristic (U) and a strong discontinuity 
in the group delay characteristic (V). Moving poles and 
Zeros close to each other (Small difference between C. and f) 
means a Small attenuation within the rejection band and a 
Small discontinuity of the group delay which is equivalent to 
a weak negative peak (D) with a Small negative minimum 
(C) in the Step response. A large difference between C. and 
B creates high attenuation in the rejection band and a strong 
discontinuity of the group delay which is equivalent to a 
Strong negative peak (D) with a strong negative minimum 
(C) in the Step response. 
Moving the poles close to the imaginary axis means an 

oscillation with weak damping as in FIG.5a. However, since 
the Zeros need to be closer to the imaginary axis than the 
poles moving the poles towards the imaginary axis also 
reduces the pole Zero difference and thus reduces the peak 
Size of the dominant negative peak (D). Moving the poles on 
the unit circle towards the real axis increases the damping in 
the oscillation. Since the pole Zero distance can be larger the 
attenuation in the pass band can be larger as well resulting 
in a stronger negative peak (D). Finally when moving the 
poles on the real axis creates the dominant negative peak 
without oscillation from exponential functions. In this case 
the pole Zero distance can be even larger resulting in a 
relative minimum (C) that may almost touch the base line. 
However, this case is practically of leSS importance Since a 
complete vertical eye closure is already reached when the 
relative minimum (C) reaches half of the steady State Step 
amplitude value. 
The location of the characteristic frequency (the location 

of the attenuation maximum) in the attenuation band is given 
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by the real part of the conjugate complex Zero Z. This 
characteristic frequency determines the location of the rela 
tive minimum (C) on the time axis and therefore allows to 
adapt to the bit interval time of a given data rate. 

FIG. 7 shows the preferred embodiment of a filter 
arrangement with a filter Structure 20 according to the 
present invention for injecting data-dependent jitter and 
level noise. In the example of FIG. 7, the filter structure 20 
is inserted between nodes A and B into a transmission line 
30 carrying a data Signal from a data Source 40 to a data Sink 
50. The arrangement of data source 40, data sink 50, and 
transmission line 30 might be single-ended or differential. 
Source impedances 60A and 60B are shown for the sake of 
completeness. 

FIG. 8 shows a preferred embodiment of the filter struc 
ture 20 consisting of a Single Series resonance circuit of 
Second order. The resonance circuit comprises a Serial 
arrangement of a resistive element 210 with resistance value 
of R, an inductive element 220 with inductivity value of L, 
and a capacitive element 230 with capacitance value of C. 
In the example of FIG. 8, the resistive behavior R of the 
resistor element 210 and the capacitive behavior C of the 
capacitive element 230 can be varied. 

The resistive, inductive and capacitive elements 210-230 
may be implemented in any Sequence and in various ways, 
e.g. the capacitive element 230 may be implemented as 
varactor diode, the resistive element 210 as a FET. 

In the described arrangement of FIG. 8, the constant C. is 
given by: 

and the constant B is given by: 

R C. R. R. R. R. R2R3 
N L, N- R + R3 

In this preferred embodiment, the important size (C) of 
the dominant negative peak (D) is controlled by the pole 
Zero distance expressed in the difference between the con 
Stants C. and B and therefore by varying the value of the 
resistive element R. (210). This allows controlling the 
horizontal and vertical closure of the data eye as (amount of 
injected jitter and level noise). The characteristic frequency 
is given by: 

1 

WL. C. 
() 

Therefore, varying the value C of the capacitive element 
(210) allows a direct adaptation to the bit interval time of a 
given data rate. 

FIGS. 9-11 show the operation of the preferred embodi 
ment described in FIGS. 7 and 8. The step response of a 
Single Step response with a relative minimum according to 
the desired eye closure and a location in time matched to the 
bit interval time of the given data rate corresponds to FIG. 
5b. FIG. 9 shows a short run length situation (run length 1), 
and FIG. 10 shows a long run length situation (run length 
12). FIG. 11 depicts the resulting data eye from a real 
measurement with a filter according to the invention. 

The peak jitter AJ can be calculated based on a rise/fall 
time t, of the data signal. An assumption is made that 
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6 
introducing a limited rise/fall time instead of a step with 
infinite rise/fall time does not significantly change the size 
AV of the dominant negative peak: 

AW 

trif 

By varying the value C of the capacitive element, the 
filter 20 can be dimensioned in an iterative process Such that 
a location At. of the relative minimum C matches with the 
bit interval time At of the given data rate. In a neXt Step, the 
Size AV of the dominant negative peak D at the location of 
the relative minimum can be adjusted in a way that the peak 
jitter AJ is of the desired value (given a rise/fall time t.), and 
an appropriate horizontal and vertical eye closure is gener 
ated. 

It goes without Saying that the Serial arrangement of FIG. 
8 can be replaced by an equivalent parallel resonance circuit, 
e.g., Serially coupled between the ends of an opened node A 
and B. 
Adding the filter 20 into the loopback path or into the 

Stimulus path e.g. of a high Speed pin card thus allows to 
precisely generate eye closure by injecting controlled 
amounts of jitter and level noise. This helps Solving the test 
challenge at lowest cost. Horizontal and vertical eye closure 
resulting from the injected jitter and level noise can be 
provided variable and the filter can be adapted to different 
data rates. 

It is clear that the invention can be partly or entirely 
embodied or Supported by one or more Suitable Software 
programs, which can be Stored on or otherwise provided by 
any kind of data carrier, and which might be executed in or 
by any Suitable data processing unit. In particular, Software 
tools can be employed for calculating filter elements and 
characteristics or to Simulate filter behaviors. 
What is claimed is: 
1. A filter for injecting data dependent jitter and level 

noise into a digital data Signal with a given data rate 
comprising: 

circuitry for reacting on a step function with a step 
response showing after a first increase or decrease a 
Substantial extreme value of opposite direction than the 
first increase or decrease, whereby the temporal occur 
rence of the Substantial extreme value with respect to 
the Step function is Substantially in the range of the 
given data rate. 

2. The filter of claim 1, wherein the filter is of at least 
Second order. 

3. The filter of claim 2, wherein the filter comprises a 
resistive element with resistance value of R2, an inductive 
element with an inductivity value of L, and a capacitive 
element with capacitance value of C. 

4. The filter of claim 3, wherein the resistive value of R 
and/or the capacitive value of C can be varied. 

5. The filter of claim 3, wherein the resistive element, the 
inductive element, and the capacitive element are coupled as 
a resonance circuit. 

6. The filter of claim 2 comprising a resistive element and 
at least two elements of capacitive and/or inductive behav 
O. 

7. The filter of claim 2, wherein both Zeros of the second 
order filter are located on the unit circle, and both Zeros are 
closer to the imaginary axis than the poles or the poles are 
located on the real axis. 

8. A method comprising using the filter according to claim 
1 for injecting data dependent and level noise into a digital 
data Signal with a given data rate. 
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9. Ajitter injection filter for injecting data dependent and 
level noise into a digital data Signal with a given data rate 
comprising: 

circuitry for reacting on an increasing Step function with 
a step response showing at least one Substantial mini 
mum after a first increase, whereby the temporal occur 
rence of the at least one Substantial minimum from the 
Step function is Substantially in the range of the given 
data rate. 

10. A method for injecting data dependent jitter and level 
noise into a digital data Signal with a given data rate 
comprising: 

reacting on a step function with a Step response showing 
after a first increase or decrease a Substantial extreme 
value of opposite direction than the first increase or 
decrease, whereby the temporal occurrence of the Sub 
Stantial eXtreme value with respect to the Step function 
is Substantially in the range of the given data rate. 

11. A method for injecting data dependent jitter and level 
noise into a digital data Signal with a given data rate, the 
method comprising: 

applying the digital data Signal to a filter reacting on a step 
function with a step response showing after a first 

15 
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increase or decrease a Substantial extreme value of 
opposite direction than the first increase or decrease, 
and 

adjusting the filter So that the temporal occurrence of the 
Substantial extreme value with respect to the Step 
function is Substantially in the range of the given data 
rate. 

12. A Software program or product Stored on a data carrier, 
for executing a method for injecting data dependent jitter 
and level noise into a digital data Signal with a given data 
rate when run on a data processing System, the method 
comprising: 

applying the digital data Signal to a filter reacting on a Step 
function with a step response showing after a first 
increase or decrease a Substantial extreme value of 
opposite direction than the first increase or decrease, 
and 

adjusting the filter So that the temporal occurrence of the 
Substantial extreme value with respect to the Step 
function is Substantially in the range of the given data 
rate. 


